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Abstract
The Thesis entitled "Synthesis of cytotoxic compounds (-)-Salicylihalamides A & B, (+)-Virol C and development of new methodologies" has been divided into three chapters. 
Chapter I: Chapter I deals with the brief introduction to cancer and few anticancer macrolides and also the earlier approaches towards the total synthesis of macrolide salicylihalamides A & B. Chapter II: It deals with the present work i.e., Formal total synthesis of (-)-salicylihalamides A & B. Chapter III: It is further subdivided into two sections. Section A: It deals with the stereoselective total synthesis of (+)-virol C Section B: It deals with one pot conversion of aldehydes / acetals, gem-acetates to homoallyl ethers / homoallyl acetals. 
INTRODUCTION: In 1997, Boyd and coworkers have isolated (-)-salicylihalamides A and B from the marine sponge Haliclona Species and that were found to be the first examples of a novel class of macrolides which have in common the salicylic acid moiety and an unsaturated enamide side chain. This class of compounds possesses diverse biological activities, including inhibition of tumor cell proliferation. The activity profile of (-)-salicylihalamides in 60 -cell line human tumor assay showed no significant correlation to other compounds in the NCI databases indicating a novel mechanism of action. From the subsequent biochemical studies it was concluded that (-)-salicylihalamides A & B inhibits mammalian vacuolar type (H+) ATPases (V-ATPases) with an unprecedented selectivity suggesting that these proton translocating pumps may constitute a novel molecular targets for cancer therapeutic agents. The promising biological property of (-)-salicylihalamides A & B makes them a genuine target for total synthesis. Its unusual structural features provide an excellent challenge for validation of new methods. In this context, we report the formal total synthesis of (-)-salicylihalamides A & B. Figure (​http:​/​​/​www.csirexplorations.com​/​images_et​/​a169_figureNO71.jpg" \t "_blank​) 
Both (-)-salicylihalamides A & B have almost a similar structure except the orientation of the side chain, where (-)-salicylihalamide A has trans orientation and (-)-salicylihalamide B has cis orientation at C17 position. It was envisaged that both the natural products 1A and 1B could rise from same intermediate macrolactone (Scheme 1). Accordingly our retrosynthetic analysis revealed two key fragments 3 (a chiral aliphatic chain) and 4 (salicylic acid derivative). Figure (​http:​/​​/​www.csirexplorations.com​/​images_et​/​a169_figureNO72.jpg" \t "_blank​) 
Synthesis of the chiral aliphatic fragment 3 started with the kinetic resolution of 2-(benzyloxyethyl)oxirane (obtained from 3-butenol in two steps as shown in scheme 2) using (R,R')-(-)-N- N'-Bis(3,5-di-tert-butylsalicylidene)-1,2-cyclohexanediaminocobalt(II) to afford the chiral epoxide 5a. Figure (​http:​/​​/​www.csirexplorations.com​/​images_et​/​a169_figureNO73.jpg" \t "_blank​) 
Chiral epoxide 5a was subjected to Yamaguchi's protocol with THP protected propargyl alcohol to afford secondary alcohol 6 in 90% yield. The alcohol 6 was protected as benzyl ether in presence of sodium hydride with benzyl bromide and treated with catalytic amount of para-toluenesulphonic acid in methanol to afford propargylic alcohol derivative 7 (Scheme 3). 
Figure (​http:​/​​/​www.csirexplorations.com​/​images_et​/​a169_figureNO74.jpg" \t "_blank​) 
The alkyne 7 was reduced to alkene 8 with LAlH 4 under reflux conditions and was subjected to Sharpless asymmetric epoxidation with diisopropyl D -tartrate, titanium(IV) isopropoxide and tert-butyl hydroperoxide in dichloromethane under anhydrous conditions to yield epoxy alcohol 9 in 90% yield. The epoxy alcohol was converted to epoxy iodide 10 using I 2 , triphenylphosphine and imidazole in acetonitrile:ether (1:3) at 0 o C and was further treated with 2.5 eq. of Zinc, NaI in refluxing methanol to afford the secondary alcohol 11 in 92% yield. Compound 11 on reaction with NBS, ethyl vinyl ether in DCM at 0 o C afforded bromoacetal 12 which was cyclized by n-Bu 3 SnH in refluxing toluene using catalytic amount of azobisisobuteronitrile (AIBN) to afford the cyclic ethylacetal 13 (Scheme 4). 
Figure (​http:​/​​/​www.csirexplorations.com​/​images_et​/​a169_figureNO75.jpg" \t "_blank​) 
Hydrolysis of ethylacetal 13 in 80% aq. AcOH at reflux conditions followed by C1-Wittig afforded homologated alcohol 14 in 90% yield. The free hydroxyl group was protected as a MOM ether 15 using chloromethyl methyl ether, N,N-diisopropylethylamine and dichloromethane in 94% yield. Deprotection of the two benzyl groups without Figure (​http:​/​​/​www.csirexplorations.com​/​images_et​/​a169_figureNO76.jpg" \t "_blank​) 
affecting the double bond was achieved using lithium liq.NH 3 at -33 0 C to produce the diol 16. The diol 16 was mono protected as TBDMS ether with tert-butyldimethylsilylchloride, imidazole in dichloromethane to get the key chiral aliphatic fragment 3 (Scheme 5). The other key fragment salicylic acid derivative 4 was prepared using Diels-Alder approach. Accordingly, the 3-butyne-1-ol 17 was protected as benzylic ether 18 with benzylbromide and NaH in THF. Treatment of 18 with in situ generated ethylmagnesium bromide resulted in the acetylide derivative that was quenched with ethyl chloroformate to get substituted ethyl propiolate 19 (Scheme 6). Figure (​http:​/​​/​www.csirexplorations.com​/​images_et​/​a169_figureNO77.jpg" \t "_blank​) 
Anisole on Birch reduction with lithium in liq. NH 3 afforded the 1-methoxy-1,4- cyclohexadiene 20. Neat reaction between 19 and 20 in presence of catalytic dichloromaleicanhydride (DCMA) at 280 o C afforded compound 21. The compound 21 on debenzylation using Pd(OH) 2 afforded the alcohol 22 which on oxidation under Dess Martin conditions afforded aldehyde 23. The aldehyde on one carbon homologation followed by ester hydrolysis using LiOH afforded the key fragment 4 (Scheme 7). Thus the synthesis of the two fragments was achieved and set for coupling to achieve the target molecule. Figure (​http:​/​​/​www.csirexplorations.com​/​images_et​/​a169_figureNO78.jpg" \t "_blank​) 
We opted Mitsunobu reaction conditions for coupling the acid 4 and alcohol 3 to get the ester 24 with the required absolute sterogenic center via inversion (Scheme 8). The compound 24 was exposed to Grubbs catalyst for ring closing metathesis in DCM furnishing the desired E enantiomer 25 in 75% yield. Deprotection of the silyl ether with TBAF proceeded uneventfully to furnish the known alcohol 26, which was already converted to target molecule by further few steps as reported by Furstner et al. Thus the present strategy completes the formal total synthesis of (-) Salicylihalamides A & B. Figure (​http:​/​​/​www.csirexplorations.com​/​images_et​/​a169_figureNO79.jpg" \t "_blank​) 
Chapter III: Section A: It deals with the introduction and total synthesis of cytotoxic compound (+) Virol C. Waterhemlock, Cicuta virosa is the most violent toxic plant that is widely distributed in the temperate regions. Only a small amount of the toxic substance cicutoxin present in the plant is sufficient to produce poison to the livestock or to humans by acting directly on the central nervous system. Cicutoxin 27 was isolated in 1915 and its planar structure was reported in 1953. Figure (​http:​/​​/​www.csirexplorations.com​/​images_et​/​a169_figureNO80.jpg" \t "_blank​) 
Virol A 28, B 29 and C 30 are the polyacetylenic alcohol analogues of cicutoxin which are chemically more stable than cicutoxin and were recently isolated. Eventhough, contributions have been made towards the total synthesis of this long chain polyacetylenic alcohols, the need for a simple strategy still remains. We herein, report concise, simple and efficient route for the stereoselective total synthesis of (+)Virol C 30. The major strategy towards the synthesis would be the application of suitable methodology to introduce selective absolute configuration at the stereogenic center. Towards this objective we exploited our earlier approach for the preparation of chiral halo-alkenols from chiral epoxy chlorides. Accordingly, our retrosynthetic analysis revealed two main key fragments haloalkenol 31 and dialkyne 32 (Scheme 9) which can be coupled together using Sonagashira conditions leading to the target. 
Figure (​http:​/​​/​www.csirexplorations.com​/​images_et​/​a169_figureNO81.jpg" \t "_blank​) 
The choice of any synthetic strategy lies on the availability of the starting materials, reaction selectivity, simplified approach and also finally on the yields of the reactions. Accordingly, commercially available n-octanol 33 was chosen as the precursor for synthesis of key fragment 31. n-octanol was oxidized to n-octanal 34 using pyridinium chlorochromate (PCC), NaOAc in dichloromethane at r.t in 88% yield. The aldehyde obtained was homologated via Wittig reaction using (carbomethoxymethylene)triphenylphosphorane leading to ester 35. The ester 35 on reduction with DIBAL afforded allyl alcohol 36 which was further subjected to Sharpless asymmetric epoxidation using diisopropyl L tartrate, titanium(IV) isopropoxide, tert-butyl hydroperoxide in DCM at -20 o C to yield epoxy alcohol 37 (Scheme 10). Figure (​http:​/​​/​www.csirexplorations.com​/​images_et​/​a169_figureNO82.jpg" \t "_blank​) 
The epoxy alcohol 37 was converted to epoxy chloride 38 by treating with TPP in CCl 4 at reflux conditions. Epoxy chloride 38 was subjected to our standard protocol (treatment of epoxy chloride with 2 equivalents of LiNH 2 in liquid NH 3 ) to furnish trans hydroxy alkenyl chloride 31 (Scheme 11). Thus the synthesis of a key fragment 31 was completed. Figure (​http:​/​​/​www.csirexplorations.com​/​images_et​/​a169_figureNO83.jpg" \t "_blank​) 
The synthesis of second key fragment 32 was started with tetrahydrofurfurylchloride 39 which upon treatment with NaNH 2 in liq.NH 3 underwent elimination to furnish 4-pentyne-1-ol 40. Cross coupling reaction of 40 with trans-1, 2-dichloroethylene under Sonagashira condition proceeded smoothly to afford 41 in good yield (Scheme 12). The compound 41 was treated with n-BuLi, HMPA at -33 o C to produce the terminal diyne 42 that was subsequently protected as THP ether 32 with DHP in DCM. Figure (​http:​/​​/​www.csirexplorations.com​/​images_et​/​a169_figureNO84.jpg" \t "_blank​) 
The coupling reaction of trans-alkenyl chloride 31 with dialkyne 32 in the presence of Pd(PPh 3 ) 2 Cl 2 and CuI gave the desired compound 42 which on deprotection of THP ether gave the target molecule (+)-virol C (Scheme 13). Figure (​http:​/​​/​www.csirexplorations.com​/​images_et​/​a169_figureNO85.jpg" \t "_blank​) 
Section B: This section deals with one pot conversion of aldehydes / acetals / gem acetates to homoallyl ethers / homoallyl acetates. Lewis acid promoted carbon-carbon bond forming reactions are of great interest to synthetic organic chemist because of their unique reactivity and selectivity. Among the various Lewis acid catalyzed C-C bond forming reactions, the allylation of carbonyl compounds or their equivalents with allylsilanes is one of the most useful synthetic reactions in organic synthesis. Generally, strong Lewis acids are required to promote the addition of allylsilanes to carbonyl compounds and acetals due to the inherent low nucleophilicity of allylsilanes. These reactions are usually carried out under strictly anhydrous conditions. The presence of even a small amount of water causes lower yields probably due to the rapid decomposition or deactivation of the promoters and hydrolysis of acetals. Lanthanide triflates are found to be highly oxophilic and form strong but labile bonds with oxygen donor ligands allowing them to be used in substoichiometric amounts for various reactions such as Diels Alder reaction, Michael reactions, Friedel crafts alkylations etc. Eventhough, Scandium triflate has been employed for carbonyl addition reactions, it has not been used in the substitution reactions of acetals and gem-diacetates. For the first time, we report the use of scandium triflate as a promoter in direct formation of homoallyl ethers from aldehydes and allylsilane in the presence of trimethylorthoformate (equation 1). Figure (​http:​/​​/​www.csirexplorations.com​/​images_et​/​a169_figureNO86.jpg" \t "_blank​) 
Accordingly, the reaction of benzaldehyde with allyltrimethylsilane and trimethyl orthoformate in the presence of catalytic amount of scandium triflate (10 mol%) in DCM afforded the corresponding homoallyl ether in 90% yield. Similarly several aromatic aldehydes (table 1) were reacted with allyltrimethylsilane in presence of scandium triflate, trimethyl orthoformate to give the desired homoallyl ethers in high yields. The reactions proceeded smoothly at room temperature and completed within 5-8 h. We tried similar protocol on acetals / gem acetates and found that the reactions proceeded smoothly giving high yields of corresponding homoallyl ether and homoallyl acetates (equation 2). 
Figure (​http:​/​​/​www.csirexplorations.com​/​images_et​/​a169_figureNO87.jpg" \t "_blank​) 
However, in the case of methoxy substituted aldehyde diacetate, bis allylated product was observed in 10% yield along with the desired acetate. Similar reaction conditions were applied to aliphatic aldehydes, where moderate yields were observed after longer reaction times, which may be because of their low reactivity. In conclusion, scandium triflate was found to be an efficient catalyst for the allylation of both acetals and gem-diacetates with allyltrimethylsilane and also catalyzes the direct formation of homoallyl ethers from aldehydes and allylsilane in presence of trimethyl orthoformate. This procedure offers several advantages including mild reaction conditions, high yields of the products, regeneration of the catalyst that makes it a useful and attractive strategy for the preparation of homoallylic ethers and acetates. Figure (​http:​/​​/​www.csirexplorations.com​/​images_et​/​a169_figureNO88.jpg" \t "_blank​) 
Figure (​http:​/​​/​www.csirexplorations.com​/​images_et​/​a169_figureNO89.jpg" \t "_blank​) 


